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l?RZIZ-FLIGHTRAM-JETENGINE

By JohnH. DisherandLeonardRabb

SUMMARY

In orderto evaluateoneof themre promisinghigh-energyfuels
underactualflightconditions,a 9.75-inch-diameterram jetutilizing
pentaboranefuelhasbeenflawn. The enginewasreleasedfroma carrier
airplaneat 31,W0 feetanda Mch numberof 0.56. Duringdescent,the
engineacceleratedto a Machnuniberof 1.45whena flame-outbelieved
dueto spray-barfailuretookplace.

Duringtheflight,ust of whichtookplaceunderseverecombustor
inletconditions,an averageco?ibustionefficiencyof 94percentwas ob-
served.Thisefficiencycompareswiththe70 percentobtainedwith
JP-3fuelundersimilarconditions.Becauseof thesedifferencesin
conibustionefficiency,as well.as thehighheatingvalueofpent”aborane,
therangeof a missilewithpentaboranefuelunderthe averageconditions
of thisflightwas calculatedto be 70percentgreaterthanwithJP-3
underthe sameconditions.

Highdiffusertotal-presswelosseswereobservedbetweenMach
nuuibersof 1.13and1.4dueto shockinteractioneffectswhichaccompa-
niedthehighheatreleaseandlowmass-flowratiossustainedduringthe
flight.

A maximumthrustcoefficientof 0.645was observedat a Machnum-
ber of 1.10anda maximumthrust-minus-dragcoefficientof 0.31was ob-
servedat a Machnumberof 0.93. Thesevaluesoccurredwitha total-
temperature-ratioparameterof approx-tely 7.0.

INTRODUCTION

Theoreticalanalyseshaveindicatedthe significantperformance
gainsto be realizedby theuse of high-energyfuelsin ram-setandtur-
boaetengines.Laboratorytestshaveconfirmedmanyof thesetheoretical
advantages.In July,1953theNavyBureauof Aeronauticsfeltthatthese
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laboratorytestshadreacheda pointwherean actualflightevaluation
of oneof themostpromisinghigh-energyfuels wasin order,andthe
NACAwasreqyestedto conductsuchan investigationwithpentaborane
fuel. Thevehicleselectedfortheseflighttestswas a 9.75-inch-
diameterram-jetenginesimilarto thegasoline-fueled16-inch-diameter
enginepreviouslyflownby theNACA. The combustorconfigurationfor
theenginewas derivedby connected-pipetests,whicharebeingreported
separately.Theflighttestsarecarriedoutby launchingthefinstabi-
lizedunguidedenginesfroma carrierplane(fig.1) at highaltitude.
Dataareobtainedduringdescentby meansof radarandtelemetering.

Reportedhereinareresultsfromthe initialflightinvestigation
of pentaboranefuel.

SYMBOLS
Thefollowingsymbolsareusedinthisreport:
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cross-sectionalarea

projectedareaof the cowlliy,0.251sqft

free-streamtubearea,sq ft

accelerationexclusiveof gravity,gravitationalunits

dragcoefficient,D/&

thrustcoefficient,F/@m

netpropulsiveforcecoefficient,aVWe/*

drag,lb

thrust,lb

fuel-airratio

accelerationdueto gravity,32.17ft/aec2

bodylength(118.4in.),9.87ft
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totalpressure,lb/sqft

staticpressure,lb/sqft

free.stream@namic pressure,0.7p&, lb/sqft

gasconstant

Reynoldsnuuiber,V02P~Wo

airspecificimpulse,(lb)(sec)/lbair

totaltemperature,%

statictemperature,%

velocity,ft/sec

weightof theengineat a givent-

fuelflow,lb/hror lb/see

conih.stionefficiency,(*the=eticd/*e~)sa constant

time, sec

ratioof gasflowto airrbf,c%/~

absoluteviscosity,(lb)(sec)/sqft

heat-additionpsraceter

density,.slugs/ft3

total-temperatureratioacrossthe combustionchsmber

equivalenceratio,(f/a)/stoichion&ricmixture

ah flowthroughtheengine,lb/see

gasflowat exit,lb/see
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Subscripts:

o free-streamconditions

1 inletstation

2 air-flowstation

3 diffuserexitstation

4 fictitiousstationwhichhas thesametotalpressureand
airflowas at station3 andwithareaequalto thatat
station5

5 stationimmediatelybehindtheflameholder

6 exitstation

exp experiments

Max maximum

th theoretical

—

J

v

APPARATUSAND INSTRUBFJWV+TION

Theram-jetengineinvestigatedwas designedwitha.25°half-angle
conicalnoseinletwhichwas similarto thatdescribedinreference1.
The conewaspositionedaxiallyto permitthe obli.qushockto intercept
the cowllipat thedesignMachnuuiber~f 1.8. A longslenderprobePXO-
trudedfromtheapexof the coneandwasusedto obtainthefree-stream
staticandtotalpressuresin additionto actingas a radio-telemetering
antenna.Thegeometryof the centerbodyor “island”was suchthatthe
diffuserhadno internalcontraction.

Theradio-telemeteringequipmentwas locatedin theforwardpartof
the centerbodyas shownin figure2 andthe.remainingvolum was alLotted
to thefuelsystem.Thefuelsystemhasbeenadequatelydescribedfn
reference2 andonlymincirchangeshavebeenmadein keepingwiththe
ssfetyrequirementsforpentaborane.Thefuelwasretainedinthe._pis-
tontypetankuntilreleaseby an aluminum-foi”lburstdiskas shownin.
figure2. Teflonwas usedinplaceof’rribberfor “O”ringsealsinthe
system.A regulatedflowofheliumgascontrolledthemovementof.the
pistonto givethe.desiredfuelflow.

The spray-barandflame-holderconfigurationshownin fi~e 3 were
developedby connected-pipetestswhichwillbe reportedseparately.

—

—

“
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Thespraybar givesapproximatelya linearflowpressurecharacteristic
throughuseof a spring-loadedpi-stoninthe center.The eightradial
spokesof the spraybarfitbetweentheflame-holderelements,andfuel
dischargesfrom3 upstreamfacingholesin eachspoke. A magnesium
flarewith20-secondburningthe ismountedin the centerof theflsme
holderfor ignition.

Theram jetweighed156poundsfullyloadedwhichincluded8.77
poundsof fuel;thecenterof gravityof theenginewas locatedat sta-
tion56.35.

The instrumentationconsistedof an eight-channelradio-telemetering
unitwhichtransmittedthefollowlnginformationto twogroundreceiving
stations:

1.

2.

3.
inlet)

4.

5.

Free-streamstaticpressure

Free-streamtotalpressure

Staticpressureat

Totalminusstatic

air-flowstation2 (22in.downstreamof

pressureat station2

Free-streamtotalminusdiffuserexittotalpressureat station
3 (65i?.downstreamof inlet)

6.Exitstaticpressureat station118.4

7. Regulatedfuelsystemheliumpressureminusdiffuserexittotal
pressure

8. Netacceleration(axial)

Continuouscoloredmotionpicturesof theflightwereobtainedwith
camerasin thelaunchingairplaneandat thegroundstation.

CALCULATIONPRCEEDIJRE

An atmosphericsurveywasmadeby the carrierairplaneirmnediately
afterthersm-jettestenginewas launched.The variationof ambient
pressureandtemperaturewithtruealtitudewas obtainedbyradsr-
trackingthedescendingaircrtit.Thefree-streamvelocityof thersm-
jetrelativeto thesaibientairwas determinedfromthe ratioof the
free-streamstaticandtotslpressuresas obtainedfromthe instrunta-
tionon theram-jetantenna.Thefree-streamvelocitywas alsoobtained
fromtheradardataby differentiatingthe spacepositionagainsttime

--
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curveandalsoby integratingtheaccelerometer
suitsofbothmethodsforanywindsaloft. The
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andcorrectingthere-
windcorrectionswere u

obtainedby radartrackinga-weatherballoon,whichwasreleasedfromthe
groundstationimmediatelyfolluwingthe survey.Thefree-streamMach
nuniber,totaltemperature,andtotalpressurewerecalculatedas tnref- ~:

erence3. Theairflowthroughtheenginewas obtainedfromtheinstru- - ~
-w

mentationat station2 andtheflowconditionsat station4 werecomputed
on thebasisof themasscontinuityeauation.An assumedlossin the
totalpressureacrosstheflame
taintheMachnumberat station

ThethrustcoefficientCF
finedby equations(1)and (2):

hoide~(P5 - P4) of 2q4 wasusedto ob-
5 fromthatcalculatedforstation4.

andcombustionefficiency~ arede-

Thetheoreticalequivalenceratio

(ref.4) (2) ~
constant

w
*th is a functionof thegastotal

temperatureT6 andinlettotaltemperatureTo. Thegastotaltemper-
ature T6 was obtainedin themannerof’reference3 withdueconsidera-
tionforthenongaseousoxidesin theproductsof conibustion(ref.4).

A combustionpressureof 2 atmosphereswas assumedin considering
theeffectsof thenongaseousoxidesin theproductsof conibustion.Ref-
erence4 indicatesthepressurelevelis of someimportanceat equivalence
ratiosnear0.4,but doesnotindicatethemagnitudeof theerror.

The dragcoefficientwas obtahedfromequation (3)

where

we
(+. (jD= =a~

(3)

(4)

Fuelflowwas cslcuhtedfromthedifferentialpressureacrossthe
fuelnozzleanda preflightcalibrationof thefuelspraybar. For
safety,heliumpressurewas measuredratherthanfuelpressureandthe .
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slightpressuredropacrossthefueltankpistonand in thefuelsystem,
as obtainedduringpreflighttests,was subtractedfromthemeasured
pressuredifferential.

RESULTSANDDISCUSSION

TimeHistory

The timehistoryof themissileflightis presentedin figures.4
and5. Figure4,presentsthealtitude,Machnumber,acceleration(ex-
clusiveof gravity),Reynoldsnuuibe~,velocity,andfree-streampres-
suresandtemperaturesencounteredduringtheflight. Themodelwas
launchedfromthecsrrierplaneat a pressurealtitudeof 31,170feet
anda Machnumberof 0.56. Themodelacceleratedto a Machnumberof
about1.45at 31 secondsafterreleasewhena flame-outoccurredfor
about1 second,followedby a 6/10-secondburstofburninganda second
flame-out.At 31 seconds,themcdelwas at a presswe altitudeof
13,000feetandwas acceleratingat therateof approximately2 g’s.
Duringthe6/10-secondburstofburning,theaccelerationvariedfrom
5.8to 2.5g’s. Afterthesecondflame-outthemodeldecelerateduntil
impactoccurred42.7secondsafterrelease.Coloredmotionpictures
showedthemodelburningwithan intensewhitish-greenflameextending
severalfeetbehindtheenginethroughouttheburningportionof the
flight.

Figure5 presentsthetimehistoryof the conibustionperformance.
The conibustorinletstatictemperatureandpressureandvelocityare
shownin figure5(a). Figure5(b)presentsthetimehistoryof fuel
flow,fuel-airratio,gastotal-temperatureratioacrossthe combustion
chamber%, andtheconibustionefficiency.

Duringthefirst20 secondsof theflight,theconibustorinlet
pressurevsriedfromabout1/3to 2/3atmosphereandthesepressures
wereaccompaniedby combustorinlettemperaturesof 425°to 480°R.
Underthesesevereconditions,conibustionefficienciesof the orderof
90 to 100percentwereobserved.Underconqarableconditions,with
gasoline,maximumefficienciesof the orderof 70 percentwereobserved
inflight(ref.5) and85 to 90percentin connected-pipetests(refs.
6 and7). A comparisonof thecombustorefficienciesobservedin flight
withthoseobservedduringconnected-pipetestswithpentaboraneis
shownin figure6. The efficiencieswereof the ssmeorder.

In discussingpossiblereasonsfortheflame-outat 31 seconds,it
willbe helpfulto referto excerptsfromactualtelemeterrecords
whicharereproducedin figure7. The shortrecordexcerptfrom22.5
to 23.0secondsis typicalof the smoothburningdfiingtheflightup
to about27.5secondsafterrelease.No indicationof pulsatingflow
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is apparent.At about27.5seconds(Mo “1.2) slightpulsationsin air
fluwandaccelerationbegin;thesepulsationsincreasedin amplitudeas
the vehicleacceleratedandreacheda maxiirumat about30.6seconds.
At about30.6secondstheheatadditionin the conibustorchamberfell
offas indicatedby a risein airflow;theheatadditioncontinuesto
dropuntil~atabout31.1seconds,combustionceased,andacceleration
fellto about-4 g’s. At 32.08secondsreignitionoccurredandburniug
continuesto about32.7secondswhenflame-outagainoccurred.

It is significantthatno changein heliumpressure(whichactuates
thefueltankpiston)precededthefirstindicationof fallingheatre-
leaseat 30.5seconds.Twopossibleexplanationsforthedropinheat
releaseand stisequentflame-outare: (a)the spraybarmayhaveplugged
andpreventedfurtherfuelflow,or (b)thefuelmy havebeenreleased
at a highratebecauseof burningawayof thefuelspraybar. It iS pOS-

siblethattheresultinghighrateof fuel~lowquenchedtheburningand
thatthereignitionat 32.08secondsoccurredas thelastof thefuelwas
dischargedandthemixtmrecameintoa combustiblerangeas thefuelflow
wentto zero. Thebehaviorof theheliumpressuremeasurementbetween
31 and 32 secondstendsto confirmthe secondexplanation.

At 31.1seconds,as the enginewentout,theheliumpressurestarted
to decreaseat a rateappreciablygreaterthancouldbe accommodatedby
theregulatorbleedif thefuel-flowratecorrespondedto thenozzle
calibration.At 32.03seconds,shortlybeforereignition,thehelium
pressme startedto rise,althoughthecontrolpressuredoesnotcallfor
an increaseuntilreignitionat 32.08seconds.It isbelievedthatthe
rapiddropinheliumpressurewas dueto fueldischargeat a highrate
followingspray-barfailure,andthatthe subsequentriseinheliumpres-
surejustbeforereignitionindicatesthatthefueltankpistonap-
proachedbottomat thatpoint. Itwas calculatedthat2.93pounds(33
percent]of fuelremainedinthetankat 30.5seconds,whenthefirst
indicationof fallingheatreleaseoccurred.If thisquantityof fuel
weredischargedbetween30.5and32.0secorids,thefuel-airratiowould
be seversltimesthestoichiometricvalue.

If the “fueldumping”explanationis correct,it isprobablethat
thepulsatingflowcontributedto the spray-barfailurethroughupstream
burning.

Thepulsatingflowisbelievedto havebeencausedby inletinsta-
bilityresultingfromthe lowmass-flowratioswhichaccompanythehigh
combustion-chauiberheataddition.If thepulsationswerecausedby
roughconhstionztheyshouldhaveoccurredat subsonicas wellas super-
sonicspeeds.Themass-flowratiosfortheenginesreplottedagainst
Machnuniberin figure8; forcomparison,themaximumpossibleor
‘icritic~”mass-flwratioforthe inletis alsoshoti.

A
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PressureRecovery

Thetotal-pressurerecoveryat the stisonicdiffuserexit p3/po
andat station2 P2/P0 sxepresentedin figure9 againstthefree-
streamMachnumberwithindicatedmass-flowratios m/~ as a parameter.
The subsonicdiffuserlossbetweenstations2 and3 was 3 to 6 percent
throughouttheburningportionof theflight.The decreasein the over-
alldiffuserpressurerecoveryP3/PO at Machnuribersgreaterthan1.13
was attributedto shock-boundary-layerinteractioneffectswhichaccompa- .
niedthehighheatreleaseandlowmass-flawratios.At a &ch number
of 1.38and M/% of about0.65,P#Po was 0.846and P2/Po ws ().897,

indicatingthatabout2/3of thetotal-pressurelosstookplaceat the
inletand in thefirst22 inchesof stisonicdiffuser,withthe other5
percentoccurringin theremaining43 inchesof subsonicdiffuser.The
ram jetexperienceda 23-cycle-per-secondbuzzbeginningat Machnunber
1.23duringtheburningportionof theflight.The datapointstherefore
representaveragetotal-pressurerecoveriesandnot instantaneousvalues
forMachnumbersgreaterthan1.23. Figure9 alsopresentsp3/%
againstfree-streamMachnumiberwhentheram jetwas notburning.The
shockwas insidethediffuserand P~Po was 0.613at l.kchnumber1.415.
A cross-plotof thedataof figure9 is shownin figure10 at a free-
streamMachnumberof approximately1.4. The subsonicdiffuserlossbe-
tweenstations2 and3 diminishedslightlyas m/~ decreased,but the
over-allrecoverydroppedmarkedly,indicatingthatmostof thelosswas
occurringnearthe inlet. Thetotal-pressurelossat station2 was only
1 percentat M/% of 0.90”,but increasedto 10.5percentat m/~ of
0.65. The 16-inch-diameterenginesdescribedin reference5 didnot
showcomparablelossesandthepressurerecoverywas observedto in-
creasewithdecreasingm/~ at 1.4Machnumber.Differencesin sub-
sonicdiffuserdesignor therelativelylargerantennaprobeon the
9.75-inch-diameterenginemayexplainthedifferentpressure-recovery
characteristicsof the 9.75-andthe 16-inch-diameterengines.

Thrust,Thrust-Minus-Drag,andDragCoefficient

Thethrustcoefficientof theram jetispresentedin figure11
againstthefree-streamMachnuoiber.Alsoshownarevaluesof theheat-

~6
additionparameterW2~%. The lossin total-pressurerecoverypre-

viouslydiscussedis ref~ctedin thedropin thrustcoefficientfollow-
ingMachnuniberof approximately1.10. Themaximumthrustcoefficient
was 0.645at a Machnuniberof approximately1“.10.The internaldragof
theram jetobservedduring
is alsoshownin figure11.

missiledecelerationwithno heataddition

~--
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Thethrust-minus-dragcoefficientandthedragcoefficientarepre-
sentedin figures12 and13,respectively,withindicatedmass-flowratios.
Thethrust-minus-dragcoefficientCF - ~ increasedfrom0.167at a

a

Machnuniberof 0.670to 0.31at Mch numberof 0.932forapproximately
constantmass-flowratioof 0.55. A minimum~ - CD of 0.135occurred g
at Machnumberof 1.12. Thedecreasein w - CD betweenMachnuniber~
of 0.932and1.12tiybe-partiallyexplainedas dueto thetransonic
dragrise. However,the suddenincreasein.+ - ~ at Machnumberof”

—

1.15occ”tiredwhenthethrustcoefficientwas decreasingandcouldonly
meana rapiddecreaseinthedragcoefficient(fig.13). The exact
natureof thissuddendecreaseinthedragcoefficientwhichoccurredat
a relativelyconstantmass-fluwratiois notunderstood.The external
dragcoefficientoftheram jetafterflame-outis alsogivenin figure
13 andrepresentstheminimumexternaldragpossiblefortheengine.
The increasein dragfortheburnfngenginerepresentsthe additivedrag
penaltyincurredwhentheengineoperatesat lowmass-flowratios. It
is apparentfromtheappreciabledragriseqbovethemininmm.val~sthat
at theselowmass-flowratios,cowlsuctionhasnotoffsetadditivedrag
to anygreatextent.

.

ComparisonwithHydrocarbonFuel ..

A graphcomparingpentaboranewithJp-3__intermsof relativerange ~
is shownin figure14. Thesecomparisonsarebasedon theactualper-
formanceof theengineduringthisflightandon thecalculatedper-
formanceof the sameengineunderthesameconditionswiththe same

-.

weightof.m-3. Relativerangeis definedafitheratioof therangeof
a missilewiththe statedfuelandefficiencyto therangeof a similar
missilewithJJ?-3fuel and100percentconibustionefficiency.Except
foreffectsof fueldensity,whichare slightforthetwofuelscon-
sideredhere,relativerangeis directlyproportionalto fuel weight
specificimpulseas showninreference8. The valuesshownin figure14
arean averagefortheflightconditionsbetween10 and30 secondsafter

—

releaseduringwhichtheaveragepentabcrraneequivalenceratiowas ap-
proximately”O.55. The idealpentaboraneandJP-3performanceunderthe
flightconditionswerecalculatedfromthedataof reference4 andthe
actualJF-3performancewasbasedon thecombustionefficiencyobtained
withJF-3fuelinthe16-inch-diameterenginesof reference5.,

Fortheaverageof theflightconditions,therelativerangewith
pentaboraneand100percentconibustorefficiencywouldbe 1.28. At ap-
preciablylowerequivalenceratiosthanutilizedin thisflight,the
theoreticalrelativerangeforpentaboraneis approximately1.5 as sh~
inreference8. Withthe actualobservedconibustionefficiencyof this w.
flight,therelativerangewas 1.2,or about6 percentlessthanidealized
fortheaverageconditions.In otherwords,94percentof thetheoretical
effectiveheatcontentof thepeitaboranewasrealizedin thisflight. M

. .- .
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Basedon actualperformancein the 16-inch-dismeterengines,therela-
tiverangeforJP-3isreducedto 0.70. Thus,undersimilarconditions,
pentaboraneshowsabout70 percentgreaterrangethanJP-3. It iS ktlOWn
thatwithsufficientdevelopment,conibustionefficienciesof the order
of 85 to 90percentcouldbeobtainedwithJP-3undertheaverageflight
conditions.If a comparisonis madeon thisbasis,pentaboranewill
showabouta 40percentimprovementinrelativerange. Althoughthese
relativevalueswereobtainedat comparativelylowMachnunibers,the
comparisonssreapplicableto highWch ntiers at highaltitudeswhere
conibustorinletconditions=e of a severitycomparableto thoseen-
counteredin thisflight.

Onefactorwhichmay affecttheperformanceof pentaboraneand
whichhas notas yetbeeninvestigated,is theperformanceof thisfuel
in a highexpansionrationozzlewherehighexitMachnumberswillbe
encountered.In thiscase,failureof oxidesinthe exhaustto maintain
velocityequilibriumwiththegaseouse-ust productscouldleadto
significantthrustlossesas comparedwithhydrocarbonfuelsundersimi-
larconditions.

SUMMARYCT RESULTS

The initialflighttestof pentaboranefuelin a 9.75-inch-dian&er
air-launchedrsm Jethasprovidedthefollowingresults:

1. The engineacceleratedfromthe launchingl&chnumberof 0.56to
a Machnuniberof about1.45,31 secondsafterreleasewhena flame-out
believeddueto fuelspray-barfailureoccurred.

2. An averageconhstionefficiencyof 94percentwas observeddur-
ingtheflight.Thiscompareswithabout70 percentobtainedin flight
withJP-3in 16-inch-di-terenginesundersimilarconditions.

3. For theaverageof theflightconditions,pentaboranefuelwas
calculatedto give70percentgreaterrangethanwouldbe obtainedwith
JP-3underthe sameconditions.Thisadvantagereducesto 40 percentM
it is assumedthatby furtherdevelopmentan averagecombustioneffi-
ciencyof 85 percentcouldbe realizedin flightwithLIT-3underthese
conditions.

4. Highdiffusertotal-pressurelosseswereobservedbetweenMach
nunibersof 1.13and1.40dueto shockinteractioneffectswhichaccompa-
niedthehighheatreleaseandlowmass-flowratiossustainedduringthe
flight..

5.A maximumthrustcoefficientof 0.645was observedat a Mach
. nuniberof 1.10anda maximumthrust-minus-dragcoefficientof 0.31was



.

12 ~“ NACARM E54D28

.

observedat a Machnuniberof 0.93. Thesevaluesoccurredwitha total
temperatureratioparameterof approximately7.0. a

LewisFlightPropulsionLaboratory ~.
NationalAdvisoryCommitteeforAeronautics ~

Cleveland,Ohio,April27,1954
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